Some relative thermodynamic state functions of various types of structure which occur in the nucleic acid model system consisting of polyriboadenylic acid (poly A) and polyribouridylic acid (poly U) have been determined using the method of adiabatic calorimetry. Polymer concentrations have been calculated from the content of organic phosphorus of the components of the samples. The content of organic phosphorus has been determined by means of a chemical procedure following the method of Asmus and Baumert (1968). Since poly A is forming an intramolecular secondary structure in the temperature range covered by the calorimetric measurements, the measuyed transition enthalpies have been extrapolated to about 9 5 O , where poly A exists almost entirely in the randomly coiled state. This extrapolation yields the values AHo (A + U) = 9.3 f 0.5 kcal/mol of (A + U) for the helix-random coil transition of the helical duplex poly(A + U), and AHo(A + 2U) = 13.5 =k 0.5 kcal/mol of (A + 2U) for the dissociation of the three-stranded complex poly(A + 2U). The calorimetric procedure (measuring continuously the heat capacity of the polymer solution as a function of temperature) involves the experimental determination of the fraction of structural change. Therefore the thermal helix-coil transition of the double-stranded p01y(~k + U) has been analyzed in terms of current theoretical approaches.
I. Introduction
Many reactions of biological significance are coupled with conformational changes of biopolymer molecules.
The cooperative helix-to-random coil transition of the secondary structure observed in particular in nucleic acids and proteins may be considered as one of the most important processes in this field. Mutual structural conversions of this kind are postulated, for instance, to explain essential steps of the molecular mechanism of biological information transfer.* Various types of secondary structure analogous to those found in natural biopolymers can be seen to occur in simple synthetic macromolecules, for instance polynucleotides which, in the simplest case, consist of a linear array of only one nucleotide residue. Due to uniform primary structures these polymers are quite suitable for quantitative investigations on the relative thermal stability of different conformations and for a theoretical analysis of the transition behavior of ordered polymers.
The synthetic polynucleotides polyriboadenylic acid (poly A) and polyribouridylic acid (poly U) represent a model system in which, under appropriate environmental conditions, some essential types of secondary structure found in natural nucleic acids are f~r m e d .~ Poly A and poly U associate in aqueous salt solution to a double-stranded helical complex poly(A + U) and also t o a three-stranded macromolecule poly(A + 2U). The bihelical structure of poly(A + U) possesses some principal features of that of DNA and is quite similar to the double-stranded intercepts proposed in the transfer RNA's. A three-stranded complex has been discussed as a possible model for intermediary interaction between DNA and messenger RNA,4 Poly A alone forms a t neutral p H a single-stranded helix with stacked bases representing a model for single-stranded nucleic It is possible to change thermally the secondary structure of polynucleotide molecules. One of the most convenient methods of following structural variations in this field is the measurement of the ultraviolet absorption as a function of temperature. I n the case of cooperative transitions of structure the plot of the optical density at an appropriate wavelength os. temperature often shows a characteristic approximately sigmoid profile within a limited range of temperature.
Heat effects accompanying thermal conversions of the cooperative type can be measured directly using the method of adiabatic c a l~r i m e t r y .~.~ With the aid of measured transition enthalpies some relative thermodynamic-state functions of appropriate systems can be evaluated. Since this calorimetric procedure involves the experimental determination of the fraction of structural change, it is possible to compare the measured thermal transition curves of the appropriate biopolymers with those calculated according to a theoretical model. In this way the thermal helix-coil transition of the poly-(A + U) double helix has been tentatively analyzed in terms of current theories resulting in numerical values for some characteristic parameters of this cooperative conversion.
Additionally, it can be shown that, at least in the case of the thermal conversion of poly(A + U), the course of the ultraviolet absorption with temperature differs considerably from the thermal transition curve obtained calorimetrically.
Calorimetric Method
The experimental method leading to the determination of the polynucleotide system is based on the continuous measurement of the heat capacity of the biopolymer solution as a function of temperature. The heat capacity measurements were carried out with recording adiabatic calorimeters. For a detailed description of the apparatus and experimental procedure, the reader is referred to the literature.10-12
Anearly linear dependence of the measured heat capacity on temperature was obtained for the pure solvent in the temperature range between room temperature and 100". When the measurements were carried out with a solution of an appropriate biopolymer, however, for instance with a solution of poly(A + U) at neutral p H and low ionic strength, a characteristic peak appeared in the heat capacity vs. temperature curve in the same limited temperature range in which the ultraviolet absorption at 260 mH of the solution showed an approximately sigmoid profile. This is shown in Figure 1 ; see also Figure 1 of ref 13 . Obviously, the characteristic peak in the heat capacity WS. temperature curve is caused by the thermal conversion of the dissolved polymer. Hence, the area under the peak (limited by the measured curve and the dashed base line) is proportional to the additional enthalpy change accompanying the thermal conversion of the structure. As outlined in previous communications, the additional contribution to the total heat capacity is correlated to the first temperature derivative of the degree of conversion (cf, ref [10] [11] [12] average number of the base pairs which are in the nonbonded state, the degree of conversion, 9, is defined as
where N is the total number of base pairs which can be formed in the doubie helix. The degree of polymerization, N , is nearly the same for the two components poly A and poly u. As a first-order approxi- The calorimetric transition curve corresponding to Figure l a has been evaluated using eq 2 . The result is given in Figure lb . For comparison, the "optical" transition curve measured at 260 mp is shown in Figure  IC . In this case the "conversion" appears to start at temperatures about 5" lower than indicated by the calorimetric method. An analysis of the recent results of Krakauer and Sturtevant" leads to a similar conclusion.
At the salt concentrations employed and in the temperature range considered here, poly u alone is known
Hence, for a given temperature, the temperature derivative of the degree of conversion can be calculated from the difference between the measured heat capacity US. temperature curve and the dashed base line (see Figure  to be randomly coiled at neutral pH,2,1S poly A, howla).
integration yields the ' "* curve ever, displays an intramolecular secondary structure deThe thermal conversions of (see Figure lb , for example).
pendent on temperature.
The Polynucleotide System
Materials and Preparation of Xamples. A brief description of the properties of the materials poly A (sodium salt) and poly U (ammonium salt) is given in a previous comm~nication.~3 The polynucleotide components of the samples were dried under vacuum, and the content of organic phosphorus was determined by means of a chemical procedure following the method of Asmus and 13a~mert.l~ A weighed amount of the dried samples of poly A and poly U was dissolved in distilled water containing 0.01 M citrate buffer (;.e., at pH 6.8), and an appropriate amount of sodium salt was added. The liquid samples were kept at a constant temperature (0") for 200 hr in order to achieve equilibrium conditions ( 
The calorimetric transition curve of such a cooperative conversion is shown in Figure la Actually, however, the application of this simple procedure is limited. At higher ionic strengths, the heat capacity vs. temperature curve (Figure 2) shows two separate peaks at temperatures where changes in the optical density at 280 mp are correlated with the formation of poly(A + 2U) and poly A from poly(A + U) and, at higher temperatures, with the dissociation of the three-stranded complex into the single homopolymers. The first small peak observed at lower temperatures is caused by the thermal conversion18J0
The second peak corresponds to the helix-coil transition of poly(A + 2U) according to The conversion temperatures associated with the various structural conversions, eq 4-6, depend on the total salt concentration. A "phase diagram" ( Figure  3 ) is obtained which resembles that found first by Stevens and FelsenfeldiB and that obtained by Blake, et a1.,16 in a study of the influence of temperature on the ultraviolet absorption of an analogous set of samples.
Regarding eq 5, strand separation of poly(A + U) has to precede the formation of three-stranded poly-(A + 2U). Thus, the enthalpy change associated with the area under the first peak is only the difference between the enthalpy change involved in the endothermic strand dissociation of poly(A + U) and the AH value corresponding to the exothermic attachment of the released poly U to the duplex poly(A + U). Hence the enthalpy change AH(add) for the "addition" reaction poly(A + U) + poly U = poly(A + 2U) (7) can be calculated from the measured transition enthalpy of poly(A + U) (eq 3) at a conversion temperature equal to the T, value of the first peak. Heat capacity us. temperature curve for an However, the application of the elementary relationships of thermochemistry requires some comments in this case. The electrostatic repulsion between the two negatively charged strands in poly(A + U) is lowered by an increase of. the salt concentration. With respect to "hydrophobic" interactions, however, the separated single strands should be preferred at higher ionic strengths (cf. ref 21). We may expect that, to a first approximation, these two effects compensate each other. Thus, we assume that the variation of the measured transition enthalpies of poly(A + U), as shown in portant for a calorimetric study of the thermal conversion process at low ionic strengths. At the salt concentrations employed here, the rate of the displacement reactions corresponding to eq 5 and 7 should be high enough, so that a heating rate in the range 0.06-0.1°/min can be applied.23)
IV. Results and Discwssion
Preliminary results of a study on the enthalpy changes associated with some conversions of structure occurring in the model system have been reported in a previous communication. 1a We can now present a more complete set of data. Table I are in fairly good agreement with those obtained by Krakauer and St~rtevant.~') As mentioned above, the average value of AH(add) (-4.2 f 2 kcal/mol of (A + 2U) residue formed) corresponding to eq 7 can be used to evaluate further extrapolated enthalpy data. Concerning the two-to three-strand conversion, eq 5, we have AH," = 5.1 i 0.5 kcal/mol of (A + 2U) formed. As to the helixcoil transition of poly(A + 2U) according to eq 6 , we find AH'(A + 2U) = 13.5 f 0.5 kcal/mol of (A + 2U).
From various studies of the temperature dependence of the optical quantities of the system it has been concluded that neutral poly A is forming a secondary structure which is nearly complete at temperatures in the range between -10 and 0". At temperatures of about 90-95" poly A is considered to be randomly coiled. Within this range of temperature the profiles of the "optical" transition curves suggest that the thermal conversion of neutral poly A takes place almost gradually with temperature (cf. ref If the thermal conversion of structure of neutral poly A is considered as a slightly cooperative equilibrium of the isomeric states of the adenine bases being stacked or unstacked, the results of theoretical treatments of Gibbs and DiMarziolZe Zimm and Bragg,27 and Applequist28 can be used to calculate a "cooperative parameter." I n this context, the cooperative parameter u is related to the transition enthalpy AH"(A) and the so-called van't Hoff heat of transition by
If the temperature dependence of the optical quantity (i.e,, optical density or rotatory power) measured in the special case is roughly proportional to the temperature dependence of the degree of conversion (at least at the transition temperature), an approximate value of AhH(van't Hoff) can be evaluated from the slope of the optical transition curve. (See, however, the differences between the calorimetric and the "optical" transition curves, as shown in Figure 1 , for example.) The values of AH(van't Hoff), as reported in the literat~r e~6~~9~~~J 9 cover the range from about 6 up to 13 kcal/mol of nucleotide residue.
If an average value of 8000 cal is inserted in eq 8 for AH(van't Hoff), one obtains u N 0.3. Since the calculation of u is based on a set of roughly estimated data, the physical meaning of this numerical value may be questionable. Nevertheless, our approximate values of AHo(A) and u may be compared with those reported by Poland, et U Z . ,~O and by Applequist and Damle, 8l but the estimated value of u can only be interpreted as the slightest suggestion that u is less than unity.
Cooperative conversions of structure similar to those occurring in the model system may be classified as "diffuse" phase transitions. With respect to thermodynamics these conformational conversions are usually treated analogous to phase transitions of first order. At the conversion temperature of such a cooperative conversion, the free enthalpy of conversion equals zero, AG(T,) = 0. The entropy change at To is therefore given by AS(T,) = AH/T,. If we assume that AX calculated in this manner is to a first approximation independent of temperature, we are able to determine AG(298OK). The results of these calculations for the three model structures discussed here are summarized in Table 11 .
Referring the entropy changes to 1 mol of nucleo-
Relative State Functions.
tide residue we obtain a value of about 12-19 eu with respect to all three types of structure. This agrees well with the calculation of Longuet-Higgins and Zirnmla2 who have predicted a value between 14 and 28 eu for the configurational entropy change associated with the helix-coil transition.
It should be mentioned that the quantities of Table  I1 reflecting the thermodynamics of the complex helixcoil transitions are relative state functions. They correspond quantitatively to variations of the total system, biopolymers in aqueous salt solution. In this context, we remember that the values of the molar transition enthalpies are obtained as the additional enthalpy changes from the additional heat capacity data of the polymer solution. The measured enthalpy change is therefore immediately related to the additional increment of the apparent molar enthalpy of the dissolved polymer.
The thermodynamic state functions used in theoretical treatments are partial molal quantities. Since in a recent studya3 a dependence on concentration of the measured molar transition enthalpies over a range of about 10-2 to 10-3 M could not be detected, we consider the measured AH values to be independent of polymer concentration. Since the relatively small polymer concentrations are not changed during the thermal conversions studied with our calorimetric method, the concentration-dependent terms which occur in the relationship between the apparent and partial molal transition enthalpies are comparatively Thus, we use the extrapolated values of the measured transition enthalpies as the standard values of the partial molar enthalpy changes of the polymers. The total amount of the enthalpy change is correlated to the following processes, all having a share in the double helix-coil transition : breaking of hydrogen bonds; separation of the strands, each assuming a randomly coiled configuration, in which the individual purine and pyrimidine residues are individually immersed in the aqueous solvent and hydrogen bonded to the solvent; abolishing of stacking interactions and changes in the intensity of electrostatic forces. Most of the enthalpy change is associated with the stacking interactions (cf. 
V. Helix-Coil Transition of Poly(A + U)
The theoretical analysis of the cooperative conversions investigated experimentally has been restricted in this section to the helix-coil transition of poly(A + U), eq 3. Essentially, the results of current theoretical treatment^^"^^ of these structural conversions are used in an attempt to interpret the experimental transition curves in terms of some characteristic parameters. The problems arising from the approximative character of these theoretical treatments are discussed in particular by Flory and Miller.46 Due to cooperativity, conversion equilibria of this type cannot be described by only a single equilibrium constant. Since the observed "sharpness" of the transition is assumed to be due to cooperative stacking interactions between adjacent base pairs, Crothers and Zimm@ have introduced a mean stacking parameter, 7, which is related to the molar stacking free energy, e, by e = -R T I n r (9)
The stacking parameter 7 (a measure of the cooperativity) is considered to be constant within the temperature range of the transition. The reciprocal of 7 represents the mean nucleation parameter associated with the initiation of a helical sequence from the randomly coiled state of the chains. 41 By experiment, we obtain immediately the degree of conversion, 8, as a function of temperature. (See eq 1 and 2 and Figure lb.) Theoretically, a statistical approach provides finally an expression in which 8 is given as a function of essentially only two parameters, s and 7, where 7 itself is explicitly involved in another quantity denoted by uJ. The terms s and uI, originally introduced as statistical weight fact0rs,3~ can be interpreted as "intrinsic" equilibrium constants.
The stability constant, s, represents the equilibrium constant for the process of enlarging an existing helical
The Journal of Physical Chemistry sequence of consecutive stacked base pairs by one further pair of bases from the randomly coiled state. The reverse step of conversion of one base pair at the end of a helical sequence from the bonded stack state to the nonbonded unstacked randomly coiled one is correlated to the molar enthalpy change AH"(A + U)
for the "elementary process" of the helix-to-random coil transition.
The interruption constant, uI, is formally the equilibrium constant for the conversion of a single helical sequence into two helical sequences separated by a random sequence (ring or loop) of a total of j nucleotide residues of both strands without changing the total number of bonded base pairs.42
In the case of poly(A + U) a loop may consist of two single-stranded regions in which the number of nucleotide residues in the one-strand intercept differs from that of the other. This possibility is taken into account by the so-called imperfect matching model,37~40~4S which is used for the calculation of the configurational parti- tide residues, a simple approximation is possible. Concerning the structural change in poly(A + U), the adenylic acid residue is regarded to be functionally equivalent to that of uridylic acid, each one contributing an additional factor u"* to the partition funcThus, as to the mathematical procedure, the imperfect matching model is treated in the same manner as the perfect matching model (which itself allows only "symmetrical" loops). The differences between the two models are expressed by the special form of a func- I n order to obtain ao, the functions G(a) have been calculated according to eq 12 for some given values of r in the limiting range of interest. The results are shown in Figure 5 .
Recalling the definition of 8 as the fraction of broken bonds and that of s as the "intrinsic" stability constant, we derive at constant r from the van't Hoff relation ( 
15) bT
The term (-bela In s), is directly related to experimental data. The combination of (2) with (15) leads to affording the possibility of comparing theory with experimental results.
A possible procedure is to calculate 8 with the aid of eq 13 using a graphical representation of the solutions of eq 12, Figure 5 I n addition, the theoretical treatment leads to a set of equations, from which some other molecular properties can be calculated. The average number (h) of base pairs in a helical sequence is given by (h) = (1 -a@) -1. 40 Using T = 200, we find that at T,, (h) = 18 f 2 (A + U) residues.
I n the course of the helix-coil transition nonbonded nucleotide residues in the interior of a double-stranded molecule form rings (loops) while at the ends there are "open" single-stranded chain regions. Although theory We have found that at lower salt concentration, for instance 0.057 M , the analysis of the corresponding transition curve yields a r value of about 300. From a tentative extrapolation to zero ionic strength we estimate that r amounts to about 400. With respect to the special form of the approximation for Q~, eq 11, this value of the mean stacking parameter, r = 400, is considered to be representative for this polyribonucleotide system. Hence the mean nucleation parameter is 7-1 = 2 X l./mol of (A + U), and e(298'K) = -3.6 kcal/mol of (A + U).
According to the approximation of Crothers and Zimm (cf. eq 15 and 18 of ref 40) , the numerical value of T is obtained from the slope of the 8 us. T curve at To, but as eq 11 of this paper is modified with respect to the original expression given by Crothers and Zimm, the values of r evaluated using eq 18 of ref 40 are larger by a factor of about 2 than those given above.
The reliability of numerical values, especially that of r, depends on the assumption that the polymers used have the required high degree of polymerization.
With regard to the theoretical approach, among the restricting assumptions especially the expression for the statistical weight of a loop depending on its size, eq 11, is rather ~r u d e ,~~'~~ but, in principle, from Figure 6 it can be seen that the course of the thermal helix-coil transition of poly(A + U) can be described using only one additional parameter besides the "intrinsic" stability constant. Thus, the helix-coil transition of poly(A + U) represents a simple model reaction for the relatively complicated cooperative conversion of a double-stranded nucleic acid.
